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Abstract

:

The impacts on battery cell ageing from high current operation are investigated using commercial cells. This study utilised two tests–(i) to establish the maximum current limits before cell failure and (ii) applying this maximum current until cell failure. Testing was performed to determine how far cycling parameters could progress beyond the manufacturer’s recommendations. Current fluxes were increased up to 100 C cycling conditions without the cell undergoing catastrophic failure. Charge and discharge current capabilities were possible at magnitudes of 1.38 and 4.4 times, respectively, more than that specified by the manufacturer’s claims. The increased current was used for longer term cycling tests to 500 cycles and the resulting capacity loss and resistance increase was dominated by thermal fatigue of the electrodes. This work shows that there is a discrepancy between manufacturer-stated current limits and actual current limits of the cell, before the cell undergoes catastrophic failure. This presumably is based on manufacturer-defined performance and lifetime criteria, as well as prioritised safety factors. For certain applications, e.g., where high performance is needed, this gap may not be suitable; this paper shows how this gap could be narrowed for these applications using the testing described herein.
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1. Introduction


Transport represents the biggest enabler for our transition to an energy sustainable society, and is reliant on device electrification. This includes the phasing out of vehicles powered exclusively by the internal combustion engine (ICE), and the continued development of a variety of electric vehicles (EVs) [1]. There exists several options for Li-based chemistries intended for effective automotive applications [2]. These contain cathode materials such as lithium iron phosphate (LFP), lithium nickel cobalt manganese oxide (NMC) and lithium nickel cobalt aluminium oxide (NCA) as cathode materials [2].



Charging parameters, infrastructure and timeframes are key considerations that will accelerate the speed of this transition. In order to travel a comparable distance to a vehicle powered by an ICE, charging an EV is necessary part way through the journey. There are several options for recharging; the most desirable for a consumer being a ‘fast charge’, which has a duration of 10 min [3]. For cells, this charge translates to a rate of 6 C, which places high stresses on the electrodes [2]. Operating limitations are essentially anchored by a simple, intrinsic electrochemical principle in Li-ion systems: diffusion-limited current density [4]. Charge transport and charge transfer mechanisms are quite complex, and to be effective they require a balanced flux of ions and electrons. This in turn relies on uniform electrode microstructures with minimal tortuosity, which is not always the reality in electrode manufacturing [5]. Moreover, fast charging is known to accelerate aging such that cycle life becomes compromised [2], and so there exists a trade-off between cycle life and performance. LFP has been shown to have the capability to endure fast charging, particularly in an asymmetric charge and discharge protocol [6]. More specifically, fast charging for 4500 cycles has been achieved [2], satisfying both cycle life and aging domains.



The capability to discharge cells at high rates is similarly important, as this provides the power to drive the vehicle. This capability is particularly important for HEVs, where the purpose of the battery is to assist in the acceleration and starting of the vehicle [7].



To operate a cell above the manufacturer’s specification involves verification that the cell will not enter into a thermal runaway sequence, and this is carried out with a significant amount of additional testing, termed abuse testing. This has commonly focused around worst-case scenarios—for instance overcharging —which often results in catastrophic failure and eventual thermal runaway of the cell [8,9]. There have been fewer tests carried out to determine the “roll over” effect, in terms of the maximum amount of current a cell can sustain whilst remaining functional. Rollover failure is a turning point in performance where the rate of capacity fade accelerates rapidly over relatively few cycles [10].



In this work, we develop and establish such an abuse test to ascertain the maximum current limit that the cell can tolerate within manufacturer stated voltage limits, prior to showing signs of deterioration. Subsequently we perform aging tests at this maximum current until the cell is degraded, followed by close examination of the cell. The approach will give insight into the performance characteristics of the cell in test conditions beyond those outlined in the manufacturer’s specification. This allows better understanding of electrochemical and thermal limitations of these commercial cells.




2. Results and Discussion


2.1. Cell Testing and Characterisation


2.1.1. Cell Failure Test


Three cells were tested in the cell failure test with typical data shown by Figure 1. Due to the equipment capabilities, currents were only able to be logged for the discharge process. Cell surface temperatures were logged for the entire process.



For this test, 20 C constant current (CC) and constant voltage (CV) were applied to charge the cell followed by 20 C CC discharge. This charge and discharge cycle was applied five times and increased by 20 C a further five times until 100 C was applied. The final five cycles involved 20 C CC and CV charge followed by CV discharge.



Cell temperatures rose by approximately 35 °C during the first five cycles of the test, but with further current increases they only rose by 2 °C. This was due to the testing equipment registering maximum and minimum voltages rapidly, such that the current was only applied for a short period of time, resulting in minimal change in cell temperature. The final CV discharge steps resulted in a cell temperature change of 40 °C higher than the CC discharge steps. Despite this testing regime, the cell did not undergo thermal runaway nor fail catastrophically.



Temperatures were logged at three locations on the outside surface of the cell during cell failure testing. This included the top (positive end), the middle and the bottom of the cell (negative end). The temperature of the cell increased markedly in discharge, with the middle of the cell increasing the most out of the three thermocouples. There was a 10 min pause after charging but no pause after discharge, so that charging of the cell took place as soon as the minimum operating voltage was achieved. As can be seen, temperatures of the cell increased after the discharge was stopped. This is likely to be due to:




	
Further temperature increases were experienced from discharge followed by charge



	
Temperature increases are only from discharge, with the latter being possible as a result of the heat taking some time to dissipate out of the cell.








The cell failure test showed that the maximum current that the cell could still function and safely withstand was 20 C. This current was applied in the high rate cycling test.




2.1.2. High Rate Cycling Test


Three cells were subjected to high rate cycling tests involving applying currents of 20 C CC followed by CV in charge and 20 C CC discharge for a total of 500 cycles. Figure 2 shows the average discharge capacity for the first 250 cycles. The discharge capacity rapidly declines in the first 60 cycles. This is likely to be due to the onset of deformation within the jellyroll as well as the formation of plating. Neither of these effects are reversible nor observed in the subsequent analysis. Furthermore, the average capacity of the cells under 20 C cycling conditions for both charge and discharge was shown to decrease by 13.6% due to testing with these currents, explaining the initial and continual drop from manufacturer stated 1.1 Ah.



A thermocouple was attached to the cell surface at the middle of the cell, giving temperature profiles as shown by Figure 3. With a 15 min pause after both charging and discharging in this test, the temperature profile of these two events could be viewed separately. Discharging resulted in the largest increase in temperature with a change in temperature of 34.7 °C. Charging resulted in a change in temperature of 5.6 °C, though temperatures were consistent throughout cycling. Furthermore, the manufacturer’s datasheet specified that the maximum cell temperature was 85 °C at the cell surface; testing did not achieve this temperature.



Other studies have shown less temperature difference between charge and discharge [11]. At 5 C the outside cell temperatures from charge and discharge events have been shown to be 25.2 °C and 25.1 °C, respectively. For high rates, such as 20 C, it is believed there is a reconfiguration of the components (such as the heat generated) of total heat produced leading to a larger gap between the charge and discharge temperatures. In order to practically use currents at a rate of 20 C the discharge event would require more cooling than the charge event.



Additionally, internal temperatures of a 18,650 cell have been determined in other studies. A 16 C discharge resulted in the centre of the jelly roll to increase the temperature to 32 °C above the cell surface temperature [12]. Given these values, as well as those determined here, it is expected that the centre of the jelly roll in these samples will be greater than 95.4 °C due to the addition of the cell internal temperature increase and surface temperature increase. It would likely be greater than this since the currents applied here were higher which would have further increased the internal temperatures. This temperature is known to be above the electrolyte flash point as well as being sufficient to initiate solid electrolyte interphase (SEI) decomposition [13].



Temperature increases from cycling resulted in a linear increase in the external cell temperature; this was the case for both tests undertaken here. Other studies have shown that the heat generation for discharge is linear for similar high C rates [11]. Additionally, the heat generation is mostly stored within the cell [14]. This is the case because the cell does not have time to dissipate the heat generated to the outside surroundings, and so to operate cells under these conditions would require forced convection cooling.



On the other hand, a 15 min pause after charge and discharge using 20 C currents allowed the cell to cool to 6.8 °C and 1.9 °C above ambient levels for discharge and charge, respectively. Natural convection cooling requires longer than 15 min to achieve cooling of the cell to ambient temperature.



The currents applied in the high rate cycling test was above the manufacturers specification by a factor of 1.38 times in discharge and 4.4 times in charge. The temperature at the cell surfaces were, however, below specification by 23.5 °C.





2.2. Computed Tomography (CT) Scans


As received, cell failure test and high rate cycled cells were analysed using X-ray computed tomography in a frontal and axial planes. In CT scanning, materials with higher atomic number appear brighter, and therefore the anode (copper) substrate is clearly identified. Moreover, areas of space (voids) appear dark within the battery.



Figure 4 shows the axial X-ray computed tomography scans of the cells. In the as-received cell, it was shown that the jelly roll was wound around a centre pin or mandrel in a uniform manner. Deformation was observed in some of the layers of the jelly roll of the aged samples. This was most pronounced with acute kinks at the centre of the jelly roll near the centre pin, where the bend radius is at its most pronounced. These deformations gradually petered out and became more contoured towards the outside of the cell. By the midpoint of the jelly roll the deformation had subsided. In addition, deformation was noted on the opposite side of the cell to the negative tab, an indication that this area has a different stress state to the area adjacent to the tab.



Furthermore, deformation was observed in the frontal scans of the aged samples, which can be seen in Figure 5. This was noted at the halfway point of the cell–causing a void as a result of some form of applied stress. In contrast to the axial scans, where stresses were experienced emanating from the centre of the cell, these voids appeared at the midpoint of the cell and opposite the negative tab. These appeared step wise between the layers indicating a stress transfer between layers. In this study, the thermocouples showed that the temperatures were greatest at this location on the outside of the cell (refer Figure 2).



The axial deformation at the top, middle and bottom of the cell is shown by Figure 6. Deformation around the centre of the cell is noted on all samples. In the case of the top and bottom, deformation is noted as distal to the positive and negative tab.



Permanent deformation is an indication that the tensile strength of the material has been exceeded; since both the anode and cathode are deformed, the stresses applied are greater than the tensile strength of these joints. The joints termed here are (refer Figure 7a showing cross sectional view):




	
Anode: copper substrate and double sided carbon coating



	
Cathode: aluminium substrate with double sided LiFePO4 coating








In parallel, volume changes within electrodes during charging and discharging can drive contact losses in active materials by way of mechanical or electrical disconnection effects. It follows that any loss of such access to the active particles will result in lower potentials upon charging–equating to loss of Li. This will start generating imbalances between the anode and cathode, which can cause the negative electrode to experience increasingly negative potentials. Detrimental behaviour can then follow as the remaining active material will need to accommodate more lithium, but also be exposed to higher current densities–this is a perfect condition for plating to occur.



Figure 8 indicates the presence of Li plating in the high rate cycled and failed cells, illustrated by white traces of oxidised lithium. Denser white deposits are observed in the failed cell, corresponding to higher amount of plated lithium. Areas of electrodes that have been subjected to any mechanical damage or contain structural imperfections are prime areas where plating of Li can initiate. Such areas contribute to heterogeneous ageing, a collective of non-uniform degradation events [15].



When we consider the morphology and format of cylindrical cells, there are compression gradients or variations in stresses from the outer layers of the jelly roll to the inner regions, dictated by the bending radii becoming more pronounced closest to the mandrel. Indeed, it can be observed in Figure 4, that the greatest deformation is at the centre. With operation time (and resultant temperatures) these residual stresses, which are more pronounced near the centre mandrel become more likely to relieve themselves. This occurs by deforming in localised regions (i.e., the kinks) of the jelly roll around the mandrel. Additionally, the tabs are shown to cause subtle deformation in the electrode and separator layers immediately surrounding them. This creates pockets of spatial variation, which contributes to more macro-heterogeneity within the structure. As the battery ages, the cathode potentials increase due to Li loss. Deeper discharge then also results in Li loss. Capacity balancing of the two electrodes becomes gradually altered until the negative electrode becomes capacity limiting. Given that the graphite potential during operation becomes close to that of Li’s redox potential, plating can easily occur where there exist imbalances.



At the so-called rollover point, where degradation is accelerated more rapidly and it is this heterogeneous ageing that is the key driving force, essentially dominated by:




	
Loss of localised areas of accessible anode through mechanical or electrical isolation



	
Li plating in non-uniform and compressed areas.



	
Propagation of Li-plating, representing a rapid consumption of Li, resulting in more rapid capacity drop.



	
Self-perpetuating cause-effect chains generated that link plating to compression differences or gradients in microstructures








Homogeneous pressure distribution is challenging to establish in cylindrical cell configurations, which have a gradient of winding pressure. In this respect, circumnavigating non-linear degradation in ageing cells remains a design challenge, especially for applications requiring both extended lifespan and power.



Non-uniform or heterogeneous pressure has been shown to directly affect Li diffusion through the separator and can influence changes in porosity and tortuosity [15].



The areas described as voids appear to have been formed due to a response of the battery componentry to stress. Material is deformed and displaced in one area to another resulting in voids or gaps due to stresses caused by thermal gradients in testing.



With increased high rate cycling the cell was more deformed as shown both axially and in the frontal scans. This is an indication that more stresses have been experienced in the increasing high rate cycling cell. The source of this stress is believed to be thermal mismatch (expansion and contraction) between the inside and the outside of the cell. Temperatures inside the cell are higher than the surface in both charge [16] and discharge [12]. However, given that discharging has shown to heat the cell more than charge, it is thought that this would produce a greater amount of stress and subsequent deformation.



An analogy for this situation has been given towards a hot cylinder cooled rapidly whereby the outside is cooled and inside remains hot such that the outside is in tension and the inside is in compression [12]. These stresses relieved themselves by causing deformation to the componentry. It is therefore a function of heat dissipation within the cell. This is a holistic view of the component as a (single) solid component; in fact the cell is made up of many layers that are wound together but held between the inner coil and tube. As seen, the layers act separately, however there is some relationship and transfer, such that patterns are transferred between the layers within the jelly roll.



Thermal fatigue is well known to occur in metallic components due to the combination of mechanical constraint and temperature gradients [17]. These temperature gradients cause thermal expansion or contraction which result in thermal stresses as the component is mechanically constrained. In this situation, the jelly roll is mechanically constrained on the outside (by the can) and the inside (the centre pin).



Similar effects have been seen in another 18,650 cylindrical cells that were exposed to a range of charge and discharge C-rates (up to 16.6 C) which resulted in similar axial deformation patterns [12]. However, it was shown that with a centre pin, deformation was not observed. These were however lower C-rates than what was undertaken in this study. The presence of a centre pin appears to increase the resistance of the cell to jelly roll deformation.



Modelling [14] has shown the temperature distribution in the axial direction to be uniform. The deformation however has been shown to be located away from the tabs. Furthermore, modelling has shown the hottest locations of the cell to be the top and bottom of the cell can – no observations towards any effects towards these were seen an indication that these areas are designed sufficiently to withstand temperatures.




2.3. Post Mortem of Jelly Rolls


Complementary to the CT scans, post mortem characterisation was undertaken on the cells whereby the jelly roll was unwound and cross sections were prepared.



Examination of the cathode and anode confirmed that they had both been permanently deformed by testing given that the deformations remained after carefully opening the cell. These effects appeared as kinks in the cathode and anode with peaks and troughs in the joint as shown by Figure 8. The deformation was consistently observed extending from the top to the bottom of the cell at approximately right angles to the jelly roll. This suggests that similar stresses were experienced along the height of the cell such that the cathode and anode was similarly deformed for the entire length of the cell. In other words, stress is transferred from the centre of the cell to the outside for the entire length of cell.



Deformation was observed with an increasing distance from the centre of the jelly roll; since with every rotation away from the centre, the roll becomes slightly longer, as mentioned elsewhere [11]. This further validates stress transfer between neighbouring layers whereby the contours of the kinks are transferred to the following layers which, upon opening the jelly roll, are observed at increasing distance from the centre pin.



Reports have shown similar deformations on the same side as the tab [12,18]. One has suggested this to be due to geometrical homogeneities in the jelly roll caused by the tab [18]. Here the deformations were observed on the opposite side of the cell to the tab.



Another report showed that the yield strength of the material in this location had been exceeded [12]. In this study it was shown that similarly the yield strengths of the joints have been exceeded (more on the stresses on the individual joints is discussed later).



Similar effects have also been observed in pouch cells away from the edges (i.e., where the cell is mechanically confined [12]). Furthermore, external mechanical loading has shown to cause these deformations from the outside of the cell. This is not similar to the effect shown here, no deformation is visible on the outside of the cell.



Stresses in the joint are described by a beam in pure plastic bending [19]. The upper surface of the joint is being stretched or in tension whilst the lower surface experiences compression due to load applied to the joint. Furthermore, the strain experienced by the joint (and the componentry) transitions from tension to compression from upper to lower surface. This is illustrated by a cross-section schematic in Figure 7.



The deformation of the jellyroll is clearly more pronounced for cells continuously cycled with higher current densities. A buckling of the layers can be observed whereby very evident kinks are caused in anode, cathode and separator. The compressive stresses induce the central buckling of layers, and this would be even more pronounced were it not for the presence of the mandrel pin minimising further deformation.



Stress evolution in cylindrical cells is due to expansion and contraction of the electrodes during lithiation/delithiation. With this, temperature gradients evolve during cycling emanating for heat generated from ohmic, active polarisation and exothermic reaction sources. The radial symmetry distribution with higher temperatures in the centre exaggerates the radial and tangential compressive stresses in the core and tangential tensile stresses near the outer layers (which constrains the thermal expansion of the core region).



The stresses experienced on either side of the electrode coating are asymmetrical and will have respective gradients from the outer to the inner layers. This is due to gradual increases in the bending radii of the layers. The jelly roll format could be mathematically represented as an Archimedian spiral [20] with a general equation shown by Equation (1).


  r = a + b θ  



(1)




where r is the distance from the origin, a and b are constants and θ the angle between the line from the centre to the tangent to the spiral.



Microscopy was carried out on samples from post mortem examination. Figure 7a shows a cross sectional SEM image of a kink in the anode from Figure 8c. A crack is observed as well as delamination of the coating in two locations, all shown by arrows.



The cracking emanates from the upper surface and has travelled toward (but has not reached) the interface between the anode and copper current collector. This is a result of the tensile forces stretching this surface. The anode coating has delaminated from the copper current collector at the upper surface again from tensile forces at this location.



Delamination of the coatings has been observed in other studies using currents up to 16.6 C [12]. These currents have been shown to increase temperatures of the cell significantly, such that thermal stresses (and fatigue) are applied to the joints within the cell. This infers that these stresses are above the adhesive strength of the joint such that the coating becomes disbonded from the substrate. The cracking in the anode surface is also evidence that the tensile stresses have been sufficiently high for the coating to fail (or break) cohesively. This cracking can influence charge transfer resistance by permitting greater electrolyte permeation. Cracking in the bulk electroactive material has been observed previously [12], which has been associated with binder breakdown [21,22]. In the samples examined, there were very few cohesive failures in the electrode active material suggesting that the coating effects are a result of the reaction of the joint to stress rather than binder breakdown.




2.4. EIS Electrochemical Impedance Spectroscopy (EIS)


Impedance measurements were performed on three cells during high rate cycle testing. This was carried out at three different states of charge (SOC), and at three stages during the cycle testing; initially and after 250 and 500 cycles. Some illustrative results are shown in Figure 9, for the spectra recorded at 10% SOC. The data was fitted to the equivalent circuit, also shown in Figure 9. The curves shown in the figure were calculated using the fitting parameters.



The resistance values calculated during the fitting process are collected in Table 1. Data to be recorded at 50% SOC and 250 cycles, and resistances could not be obtained. The series resistance Rs increased with cycle number, but the electrochemical resistance R1 decreased between zero and 250 cycles. Both resistances were relatively insensitive to the state of charge.



The electrochemical resistance R1, taken at medium and lower frequencies, is likely to be a combination of three or four resistances; charge transfer resistances at the anode and cathode, a film or SEI resistance at the anode, and possibly a film resistance at the cathode [23]. It can be difficult to resolve the two charge transfer resistances, if they have similar time constants. The film resistance on the anode is often small compared to the charge transfer resistance, particularly at the start of cycling. The cell contains an LFP cathode, and has a relatively complex reaction mechanism. The active particles can convert between LiFePO4 and FePO4 sequentially or concurrently [24]. This depends on the test conditions, and the previous cycling history of the electrode [25,26]. If more particles are active during the impedance measurement, then the charge transfer resistance will be reduced. Examination of the anodes after cycling revealed the onset of lithium plating. Lithium metal is likely to have a different charge transfer resistance from graphite, given the completely different reaction mechanism. For lithium, the charge transfer resistance is unlikely to vary with the state of charge of the cell, unlike graphite anodes, where the exchange current density does vary with state of charge.



The post mortem examinations also showed microscopic changes within the electrode structures. Mechanical deformations led to delamination of the coatings, and cracking of particles. The former will increase the series resistance. The latter will increase the surface area available for electron transfer reactions, and hence reduce the charge transfer resistance.



The low frequency tail was fitted using a constant phase element, rather than a Warburg component with a fixed gradient of 45°. This gives two parameters, ZCPE = 1/(iω)n P, where n is a power term, and P is a mathematical term which varies according to n. These are collected in Table 2. If the process is true infinite diffusion, then n = 0.5. However, the values of n were in the range 0.62 to 0.68. The low frequency response of the full cell is a combination of the low frequency response of the two electrodes. This is likely to be solid state diffusion for the graphitic part of the anode. The limiting mechanism for LFP cathodes is usually phase conversion, rather than diffusion [27]. Lithium ion cells rarely match the idealised Warburg model for infinite diffusion, and typically n > 0.5. There are various possible explanations for this, including non-cylindrical pore geometry [28] and anomalous diffusion [29].




2.5. Nuclear Magnetic Resonance (NMR) Spectroscopy


NMR spectroscopy was performed on three cells to determine if electrolyte breakdown during cycling had a major role in cell failure. Figure 10 shows 1 H NMR spectra of the three cells illustrating the major organic solvent peaks, which include: ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), ethylene carbonate (EC) and propylene carbonate (PC). Additionally, ethylene sulfite (ES) is detected as an additive which has been shown to suppress the intercalation of PC into graphite, provide a high oxidation stability and suppress electrolyte decomposition [30]. Succinonitrile was also detected as a functional additive, used to improve the thermal stability [31]. For quantitative NMR, Figure 10g shows the relative integral peaks as a function of a tetramethylsilane (TMS) reference standard. Following cycling, all peaks showed a drop in integral area, highlighting the consumption of the electrolyte. Interestingly, the shape of the peaks stayed consistent before and after cycling with no additional peaks representative of decomposition products being detected. This suggests that the decomposition of electrolyte did not have a detrimental effect on the cell performance.



The capacity loss in the cells of high currents has been ascribed to electrolyte loss at the observed localised mechanical deformation in the coating joints [12,21,22]. This would be exacerbated by the finding that the electrolyte has been consumed in testing.





3. Materials and Methods


This study utilised commercial A123 18,650 cylindrical cells of nominal capacity 1.1 Ah. These are of LFP/Gr chemistry with operating voltage range 2.0–3.6 V and continuous current limits 16 A (discharge) and 5 A (charge). Details on the cells and their respective aging conditions are outlined in Table 3.



Cell failure testing was carried out in a purpose-built abuse test chamber set at a temperature of 25 °C. Charging was carried out using a TDK Lambda 10 kW programmable DC power supply. Discharging was carried out using a NHR 4700-6 DC Electronic Load, with the data logged using Labview software. Thermocouples were attached to the cell surface at the top, middle and the bottom of the cell. The cell setup with thermocouples is shown by Figure 11.



High rate cycling was carried out using a commercial battery cycler (Bitrode MCV 16-100-5) and a temperature-controlled environmental chamber (ESPEC Model PL-3J) set at 25 °C. Cells were electrochemically characterised at the beginning of cycling and then after aging at increments of 250 cycles. Characterisation here involved determining the capacity and resistance as well as carrying out power testing and impedance measurements. The capacity and resistance were determined by charging the cell using constant current-constant voltage protocol (CC-CV) to 3.6 V with a current rate of 3 C. After the charge cycle completed (when the current reached C/3), this was followed by a 30 min pause. The discharging involved a constant current (CC) protocol until 2.0 V and then pausing for 30 min. Power testing involved charging with a 1 C current for 10 s and discharged with 1 C for 10 s. EIS was then carried out after a 30 min pause. Power testing and EIS were undertaken at SOCs of 10%, 50% and 90%.



EIS tests were performed using a Solatron Modulab system (model 2100A) fitted with 2 A booster card using galvanostatic mode using Modulab XM ECS software. The EIS spectra were measured in a frequency range of 10 to 10 kHz, with five frequency points per decade and a current amplitude of 800 mA. All the measurements were made at 25 °C. After changing the state of charge, the cell was allowed to stabilise for 30 min, before the impedance measurements were performed.



CT scans were carried out using a Metris X-TEK XTH 225 LC set to a resolution of 43.4µm. CT reconstruction software used was X-ray Controller Inspect-X 4.3.1 and CT reconstruction software used was CT Pro Version XT 4.3.1.



For post-mortem examination, cells were placed inside an Ar-filled glove box (<5 ppm H2O/O2). The top of the cells were removed to expose the jelly roll. Cells were left overnight to allow the electrolyte to evaporate. The remaining cell can was removed so that the jelly roll could be unwound and inspected, with the specimen extracted (using standard materialographic techniques) to represent typical features seen. SEM images were obtained using a Carl Zeiss Sigma Field Emission Scanning Electron Microscope (FEG-SEM).



NMR samples were prepared by extracting the electrolyte also in an argon atmosphere glove box (<5 ppm H2O/O2). Cells were opened followed by an immediate liquid-liquid extraction of the electrolyte. A solvent mixture containing DMSO and chloroform (50:50 ratio) was used to extract the electrolyte from cells. The extracted electrolyte was filtered and transferred into an NMR tube. The NMR measurements were preformed using Bruker Avance III HD 300 MHz spectrometer.




4. Conclusions


To conclude, there exists a window above manufacturers’ stated limits that a cell can be operated safely. This study focused on applying higher than specified currents whilst maintaining manufacturer stated voltage limits.



It was found that a current of 1.38 times the discharge current and 4.4 times greater charge current could be applied for 500 cycles without catastrophic failure. However, the application of these currents resulted in a rapid decrease in capacity in the first 60 cycles. This is due to irreversible effects such as jelly roll deformation and lithium plating, which in practice would result in the end of cell life.



Application of 20 C currents resulted in increases in cell temperature, during both charge and discharge. The discharge half cycle increased the temperature more, but natural convection during the rest step cooled the cell temperature to near ambient.



With each cycle of charge and discharge, the cell experienced thermal gradients. These gradients in turn caused expansion and contraction of the componentry and subsequent stresses, resulting in deformation of the jelly roll. These deformations emanate from the centre of the cell in an axial direction towards the outside of the cell, suggesting the core of the cell was the hottest. These jelly roll deformations are thought to have occurred in a progressive manner with each cycle causing thermal stresses and subsequent deformation within the cell. As such, the mechanism of jelly roll deformation is thought to be akin to thermal fatigue involving thermal gradients and mechanical constraint caused by the rigid outer can and centre pin.



Deforming of the joints caused cracking of the coating as well as delamination of the coating, which are thought to have contributed to the increase in series resistance with cycling. However, the charge transfer resistance reduced during the first 250 cycles. This was probably due to the onset of lithium plating at the anode, with lithium having a lower charge transfer resistance than graphite. However, lithium plating will consume electrolyte, and lead to loss of cell capacity.



The centre pin increases the resistance of the cell to these deformations. Convection cooling, particularly if applied to the centre of the cell would further reduce these stresses caused by temperatures which would subsequently reduce the deformations and allow the cell to maintain capacity and resistance criteria for longer.
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Figure 1. Typical cell failure test profile. (a) shows the entire plot, (b) a closer view of 20 C constant current (CC) discharge, (c) a closer view of constant voltage (CV) discharge. 
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Figure 2. Average discharge capacity in high rate cycling test. 
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Figure 3. Typical cell test data for high rate cycling test. (a) shows typical cell test data, (b) a closer view of cell test data. 
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Figure 4. Axial X-ray computed tomography scans. (a) shows as received cell (b) shows failure test cell and (c) shows high rate cycled cell. Red arrows show kinks and tabs are shown by blue arrows. 
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Figure 5. Frontal scans of (a) as-received cell (b) failure test cell and (c) high rate cycled cell. Deformation is indicated by red circles. 
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Figure 6. Axial scans of high rate cycled cell. (a) shows schematic of cell, (b) shows top, (c) shows middle and (d) shows bottom of cell. Red arrows show kinks and tabs are shown by blue arrows. 
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Figure 7. Micrograph (a) and schematic (b) of kinking observed. 
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Figure 8. Surface examination of anode electrodes. (a) shows as received anode, (b) shows failure test cell anode and (c) shows high rate cycled cell anode. Plating is shown by red squares. 
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Figure 9. Typical Electrochemical Impedance Spectroscopy (EIS) Results. (a) impedance spectra at 10% SOC and (b) equivalent circuit. 
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Figure 10. NMR spectra for as-received, cell failure test cell and high rate cycled cell. (a) solvent peaks of ethyl methyl carbonate and propylene carbonate (b) solvent peaks of succinonitrile (c) solvent peaks of dimethyl carbonate and ethylene sulfite (d) solvent peaks of propylene carbonate (e) solvent peaks of ethylene carbonate (f) solvent peaks of ethyl methyl carbonate and (g) the relative integral peaks of as-received, cell failure test cell and high rate cycled cell. 
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Figure 11. Cell failure testing setup showing thermocouple location. 
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Table 1. Resistance Values Calculated While Fitting Equivalent Circuit.
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Cycles

	
Rs/Ω

	
R1/Ω




	
10%

	
50%

	
90%

	
10%

	
50%

	
90%






	
Initial

	
0.0179

	
0.0175

	
0.0180

	
0.0151

	
0.0120

	
0.0140




	
250

	
0.0238

	
N/A

	
0.0207

	
0.0115

	
N/A

	
0.0100




	
500

	
0.0259

	
0.0240

	
0.0243

	
0.0115

	
0.0115

	
0.0117
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Table 2. Fitting Parameters for The Low Frequency Tail.
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Cycles

	
n

	
P/Ω−1 sn




	
10%

	
50%

	
90%

	
10%

	
50%

	
90%






	
Initial

	
0.67

	
0.62

	
0.66

	
270

	
280

	
260




	
250

	
0.68

	
0.64

	
0.68

	
320

	
265

	
250




	
500

	
0.68

	
0.66

	
0.68

	
310

	
270

	
325
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Table 3. Overview of cell aging situations.
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	Cell
	Aging Conditions





	I
	As–received



	II
	Cell failure test. 20 C constant current (CC) then constant voltage (CV) to 1 C charge. Rest for 10 min. 20 C CC discharge. After 5 cycles increase by another 20 C in both charge and discharge until 100 C. 20 CC then CV to 1 C charge. Rest for 10 min. Discharge at CV to minimum voltage. Stop if cell fails.



	III
	High rate cycling. 20 C CC then CV to C/3 charge. Rest for 15 min. 20 C CC discharge. Rest for 15 min. Repeat for 250 cycles.
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